The effects of carbon content on the tribological behavior of titanium carbonitride(TiC x N 1¹x ) films have been studied herein. A set of titanium carbonitride(TiC x N 1¹x ) films was prepared by arc ion plating with a pure Ti target and a gas mixture of C 2 H 2 /N 2 on a steel substrate. High-definition field-emission scanning electron microscopy (FESEM) was used to investigate the microstructure of the films. The chemical composition of the films was analyzed using both electron dispersion spectroscopy (EDS) and X-ray photoelectron spectroscopy (XPS) analysis. The surface roughness and microhardness of the films were measured using ¡-step profilometer and nanoindenter respectively. The tribology of titanium carbonitride(TiC x N 1¹x ) films was investigated using a ballon-disc testing method and the wear tracks were observed by low-magnification SEM. The tribological behavior of the films was significantly changed with variation of the C 2 H 2 /N 2 gas ratio. A very low friction coefficient (0.07) of titanium carbonitride(TiC x N 1¹x ) film was observed when the C 2 H 2 :N 2 gas ratio was about 3:2.
Introduction
Titanium carbonitride has been investigated as a competitive coating material for around three decades. It is known that titanium carbonitride films have high hardness and Young's modulus, high wear resistance, a low friction coefficient, and a high melting point, which make it suitable in many applications, such as cutting tools, extrusion molds, and dies. 1) 3) With the development of coating technology, titanium carbonitride films have been fabricated at various deposition conditions using various power sources, such as arc-evaporation, sputtering, ion beam, and so on. 4)6) Notably, even the formation of macroparticles from droplets during arc evaporation, reactive arc-evaporation has been widely used since the technique has the advantages of cost efficiency and reliable film quality for industrial coatings. 4) The mechanical properties of films obtained using this technique also show significant advantages. 7 ), 8) From the literature, it is already known that carbon-containing materials, such as graphite, diamond-like carbon(DLC), normally show low friction behaviors. J.A. Heimberg et al. reported superlow friction behavior of DLC film which had a friction coefficient as low as in the range of 0.0030.008 at high sliding speed (>1 mm/s) with no lubrication. 9) Previous studies also have shown that TiC x N 1¹x film presents low-friction behavior, similar to other carbon-containing materials. 4 ),10) However, the tribology of titanium carbonitride films is not yet completely understood due to the complexity of the system and the tribo-mechanism themselves. Many researchers have been studied these issues. M. Rebelo de Figueiredo et al. reported the detailed correlation of the tribological behavior of titanium carbonitride films with testing temperature, atmosphere, load, and sliding velocity. 11) In addition, Polcar et al. investigated the tribological characteristics of these coatings at elevated temperatures. 5) In this study, the effects of carbon content on the tribological behavior of titanium carbonitride(TiC x N 1¹x ) films fabricated by arc-evaporation have been investigated. Titanium carbonitride-(TiC x N 1¹x ) films were deposited by reactive arc-evaporation using a pure Ti target and a gas mixture of C 2 H 2 and N 2 to obtain carbonitride. The tribological behavior of the films was changed with variation of the C 2 H 2 /N 2 gas ratio. The lowest friction coefficient (about 0.07) of TiC x N 1¹x film was observed when the gas ratio of C 2 H 2 :N 2 was about 3:2.
Experimental procedure

Coating process
Conventional alloy steel, SCM415 (20 © 20 © 4 mm 3 , CA tech, Rep. of Korea), was used as a substrate material. Silicon (Si) substrates were also used to investigate the fracture surface of the coating. The substrates were polished using 9, 3, and 1¯m-sized resin bonded diamond grinding discs, respectively. After polishing, the roughness of the polished surfaces (R a ) was measured to be smaller than 0.15¯m. Before the deposition process, the substrates were ultrasonically cleaned using a degreasing agent. A high-purity titanium target (99.999%, Applied Science Corp., Rep. of Korea) was used as a source material, and the gas source was a mixture of C 2 H 2 (99.999%) and N 2 (99.999%).
The coating process was carried out using a reactive arc deposition system. The deposition temperature was maintained at 350°C. The flow rate of C 2 H 2 and N 2 was tightly control to obtain various C 2 H 2 /N 2 partial pressure ratios. Table 1 shows the coating conditions of all the samples.
For the deposition, the chamber was pumped down to a base pressure less than 4 © 10 ¹5 torr. After the desired pressure was reached, the substrate was preheated at 350°C for 1 h. Prior to the deposition, an ion bombardment process was carried out using Ar ions to clean the target and substrate surface for 5 min. The deposition was performed in a 2-stage process in which the interlayer was deposited before deposition of the top layer. To improve the coating adhesion, a thin layer of TiN was deposited at 350°C for 10 min with a N 2 gas flow rate of 40 sccm for all samples (as shown in Table 1 ). After deposition of the interlayer, the top layer was deposited for 40 min by the introduction of C 2 H 2 into the chamber, and the gas flow rate of N 2 was adjusted to obtain the desired C 2 H 2 :N 2 partial pressure ratio.
Characterization of TiC x N 1−x films
The chemical concentration and fracture surface morphology of the films were investigated using an EDS associated FESEM (JSM-6701F, Jeol, Japan). To analyze the cross-sectional microstructure of the film, the specimens prepared from the film on Si substrates were doused in liquid nitrogen and then fractured. TiCN1  60  2  40  16  64  40  1:4  TiCN2  60  2  40  32  48  40  2:3  TiCN3  60  2  40  40  40  40  1:1  TiCN4  60  2  40  48  32  40  3:2  TiCN5  60  2  40  64  16 Also, the chemical bonding status of the coating was studied using an XPS (PHI 5000 Versaprobe·, ULVAC-PHI Inc., Japan). The hardness of the films was measured by a nanoindenter (Triboindenter, Hysitron Inc.). The nanoindenter equipment was used a Berkovich diamond indenter and applied load of 5 mN with load control load as 5(rising)-2(sustain)-5(release) for each second. To ensure the accuracy of the test, measurement was carried out at 9 different points for each sample. The tribological properties of films were studied by the ball-on-disc method using an MPW110 instrument (Neoplus INC, Rep. of Korea). A bearing steel ball [mainly with 1% of carbon and 1.5% of chrome (SUJ2), H RC 58] with a diameter of 12 mm was used as a counter part for the test. The measurements were carried out at room temperature with humidity of around 45%. The velocity at the point of contact was fixed at 0.1 m/s for all samples. The test was performed with a sliding distance of 1000 m under dry sliding condition and applied load of 10 N. After the test, an ¡-step profilometer (Surfcorder ET3000, Kosaka Lab., Japan) was employed to measure the wear track profiles. The surface morphologies of the wear tracks were also observed using a lowmagnification SEM (JSM-6390, Jeol, Japan). Figure 1 shows surface images of the films obtained by SEM analysis. SEM examination showed that the surface morphology of the films changed with variation of the C 2 H 2 :N 2 flow rate ratio. It is found that the splat-shaped surface morphology for TiCN1 sample which was used the lowest C 2 H 2 gas source. Marcroparticles formed on the surface had a diameter in the range of a few micrometers(TiCN2 and TiCN4) to ten micrometers(TiCN3 and TiCN5). Micro-sized pores were also observed on the surface of all samples. Note that the surface roughness increased for all the samples after coating. The roughness value of the films varied from 0.14(TiCN1) to 0.24¯m(TiCN5) Ra, as shown in Fig. 1(f ) ). For some specific applications which require a very low surface roughness, a filtered arc source has been proposed to reduce the macroparticles. 4) In this study, nevertheless, the natural film surface with some quantity of droplets as normal in conventional arc evaporation, we focused on the effects of the carbon contents of films on the tribological behavior of the films. JCS-Japan Figure 2 shows cross-section SEM images of all the films. It is clear that the film thickness and structure of samples are significantly different even with the same deposition parameters, such as power and vacuum level except the gas flow rate (see Table 1 ). The film thickness was varied from 2.5 to 8¯m for all samples. SEM observations showed that all the samples had different columnar structures. The column widths and lengths of the coatings were significantly different. Sample TiCN1 showed an unclear columnar structure [as seen in Fig. 2(a) ], while sample TiCN3 showed a clear large-columnar structure [ Fig. 2(c) ]. Sample TiCN2 had a structure with short, narrow columns [ Fig. 2(b) ] and sample TiCN4 had a long, narrow columnar structure [ Fig. 2(d) ]. Sample TiCN5 also had a columnar structure with 
Results and discussion
Surface morphology and chemical composition
JCS-Japan
short wide columns. The significant difference of film structure and surface morphology is expected to result in different tribological behavior of the films. Figure 3 shows the relative atomic content of the coatings obtained by EDS analysis taken on the fractured surfaces of the films. Note that the carbon content increases with the increasing C 2 H 2 flow rate from sample TiCN1 to TiCN4. Sample TiCN5, however, with the highest C 2 H 2 flow rate and lowest N 2 flow rate shows an inverse result. TiCN5 has a very high nitrogen content and very low titanium content. This result may be attributed to the formation of some chemicals from carbon and nitrogen. And a high flow rate of C 2 H 2 may also cause the formation of soot or amorphous carbon particles. This phenomenon, which is considered to be an integral part of the reactions, irrespective of the plasma forming source, has been proved in another work. Figure 4 shows the XRD spectra of the samples. Note that all the samples show textured growth with the (111) preferred orientation. Sample TiCN1, which has higher nitrogen content than carbon content, shows strong peaks at (111). With increasing carbon content and decreasing nitrogen content, the (111) peak becomes lower and broader as shown in samples TiCN2, TiCN3, and TiCN4, respectively. This result can be explained as the increase of lattice parameter caused by the substitution of nitrogen atoms by carbon atoms in the TiN structure. In contrast, the XRD spectrum of sample TiCN5 shows a trend similar to that of sample TiCN1 with a stronger and smoother peak at (111). This result can be attributed to the lower carbon content in this sample as mention above. It is known that TiN and TiC are isostructural; therefore, they can be formed absolute solid solution, and the lattice constant takes a value between those for TiN and TiC depending on the C:N ratio.
4)
12) The dependence of the lattice constant values of films on the C:N ratio conforms to Vegards' law. 13) 3.2 Mechanical properties and tribological behavior of TiC x N 1−x films Figure 5 shows the hardness of coatings as a function of the C 2 H 2 :N 2 partial pressure ratio. Note that a high value of hardness was obtained when the gas ratio was around 1:1. The maximum hardness of 37 GPa was observed when the gas ratio was 2:3. This result is similar to that reported by L. Karlsson et al.
14) The hardness of a coating is an important factor that can strongly affect its wear property. Figure 6 shows the friction coefficient of the films as a function of sliding time in ambient air condition. Note that the steadystate friction coefficient decreased with increasing of carbon content in most case. For TiCN1, TiCN2 and TiCN3, which have relatively lower carbon contents than other samples, it can be found that the extended running-in phase with large scattering compared to TiCN4 and TiCN5. This can affect to the wear behavior of each sample. The steady-state friction coefficient decreased from ³0.6 for sample TiCN1 to ³0.07 for sample TiCN4 and then increased again up to ³0.28 for sample TiCN5 (as summarized in Table 2 ). This result is correlated with the changing of carbon content as mentioned above (see Fig. 3 ).
To understand the friction behavior and its dependence on carbon concentration, XPS analysis was carried out to investigate the atomic depth distribution of the coatings. Figure 7 shows atomic concentration as a function of sputtering time of sample TiCN1 and TiCN4, which had the highest friction coefficient and the lowest friction coefficient, respectively. The analyzed depth was less than 1¯m from the coating surface due to the limitation of XPS analysis. XPS analysis showed that the carbon concentration near the surface of the samples was significantly higher than the average concentration obtained by EDS analysis at the fractured surface. The carbon concentration of sample TiCN4 was around 90%. This can be attributed to the very low friction coefficient of the sample as mention above. The high carbon content near the surface may be attributed to the diffusion of residual carbon atoms into the coating after deposition. This also may be attributed to the formation of soot or amorphous carbon mentioned above. 4) This phenomenon was not observed in sample TiCN1, which was formed using a low flow rate of C 2 H 2 .
The wear track morphologies were different with varying carbon content as shown in Fig. 8 . Note that with low carbon content near the surface, the wear track was very rough with the presence of contamination of removed materials [see Fig. 8(a) ], whereas the wear track was smooth when the carbon content was high near the surface [Figs. 8(b)8(e)]. The wear track image of counterpart, which used for TiCN2, is also shown at Fig. 8(f ) ). Although small quantity of debris is found at the edge area of wear track, it seems that the surface is smooth and the size of wear track diameter is similar with that of film. The wear track width also varied with change of the C 2 H 2 :N 2 gas ratio [ Fig. 9(a) ]. The wear tracks of samples TiCN2 and TiCN3 were wide while those of samples TiCN1, TiCN4, and TiCN5 were narrower. These results are assumed to be related to the hardness of the films. As mentioned above, the hardness of samples TiCN2 and TiCN3 was significantly higher than that of TiCN1, TiCN4, and TiCN5. The high hardness of these samples caused a high wear volume and wide contact area of the counter balls that in return causes the wide wear marks on the coatings. Theoretically, higher hardness of a material indicates better wear resistance. However, the wear rates of these samples showed reverse results [as shown in Fig. 9(b) ]. Samples TiCN2 and TiCN3, which had higher hardness than samples TiCN4 and TiCN5, showed lower wear resistance. This may be attributed to differences in the chemical composition of the subsurface of films. Even with enough thickness to lower hardness, a surface layer with extremely high carbon content or a high lubricious surface, such as samples TiCN4 and TiCN5 might show low wear rates. For sample TICN1, the wear rate result may be distorted due to the adherence of delaminated coating material or transferred materials from counter body to its wear track [as clearly shown in Fig. 8(a) ], and this strongly affects the wear depth results obtained from this sample [see Fig. 9(c) ]. This can be explained the lower wear rate of sample TiCN1 in comparison with the other samples.
Conclusions
The effects of the C 2 H 2 :N 2 gas ratio, namely the carbon contents, on the tribological properties of titanium carbonitride films has been investigated in this study. It is clear that the film thickness, structure and tribological behavior of titanium carbonitride films are significantly affected by the C 2 H 2 :N 2 gas flow rate even with the same value of the other deposition parameters, such as power, deposition temperature and vacuum level. From the results of EDS and XPS analysis, in case of films which is grown at higher contents of C 2 H 2 than N 2 gas condition, it is expected that the formation of additional carbonaceous chemicals on top of film surface. Such a carbon-rich surface can be a role of solid lubricant in dry sliding condition resulting lower friction coefficient of films. Even with relatively low hardness, about 24 GPa, a very thin layer with high carbon concentration might also influence reducing wear of the films.
From the results of the coating hardness, friction behavior and the wear track width, it seems that the results of wear track width are related with the hardness of each film. On the other hand, it seems that the friction coefficients of films are rather related with wear track status of film, such as formation of debris. Lots of debris might be a role to enhance the roughness of film, especially in case of TiCN1. In this case, adhesive wear can be more dominant than sliding wear. Therefore this can be induced a different trend of friction coefficients of each film compared to the trend of wear track widths of that.
This research will be of significant interest to those working in the field of the functionality and durability of hard coatings operate in dry micro-tribology systems.
